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Abstract 


The  influence  of  projectile  strength  on  cratering  was  investigated 
for  projectiles  of  four  aluminum  alloys  impacting  semi- infinite  alum¬ 
inum  targets  over  the  velocity  range  of  1  km/ sec  to  5.  0  km/ sec.  Final 
crater  dimensions  and  peak  shock  pressure  were  selected  as  parameters 
for  comparing  the  influence  of  projectile  strength.  The  experimental 
results  showed  that  crater  diameters  were  not  signigicantly  influenced 
by  varying  projectile  strength.  The  crater  depths  were  found  to  vary 
appreciably  with  strength  at  lower  velocities  but  to  become  virtually 
the  same  at  3.  5  km/sec  for  the  series  of  projectile  alloys  investigated. 
Experimental  results  for  peak  shock  pressures  were  inconclusive  due 
to  the  large  scatter  in  the  experimental  data. 

A  simple  dynamic  model  for  cratering  was  developed  and 
compared  with  experimental  results  of  this  study  apd  other  AFML 
experimental  results  at  higher  velocities.  These  c  omparisons  showed 
that  the  Model  provided  predictions  of  crater  diameter  which  were 
within  8%  for  the  experimental  results  of  this  study  and  within  13%  for 
the  Hypervelocity  data.  Crater  depth  predictions  showed  good  agree¬ 
ment  with  the  expei  imental  results  of  this  study  for  projectiles  having 
greater  yield  strength  than  the  target  material.  The  predictions  of  depth 
as  a  function  of  velocity  showed  qualitative  agreement  with  AFML 
Hypervelocity  data. 
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THE  EFFECT  OF  PROJECTILE 
STRENGTH  ON  CRATER  FORMATION 

J  Introduction 

Background 

The  question  of  what  happens  when  two  bodies  impact  at  some 
velocity  has  challenged  man  for  years.  The  initial  interest  rose  out 
cf  the  quest  by  the  military  arms  makers  to  develop  armor  which 
could  defeat  projectiles.  This  quest  has  been  characterized  by 
Charters  as  a  contest  between  stronger  armor  and  faster  projectiles 
(Ref  6;  128).  One  of  the  milestones  in  this  contest  occurred  during 
World  War  II  when  armor  was  developed  which  defeated  the  heaviest 
projectile  an  antitank  gun  could  fire,  at  velocities  up  to  3,  000  ft/sec. 
The  projectile  velocity  could  have  been  increased,  but  it  would  have 
been  of  little  or  no  help.  At  higher  velocities  the  strongest  projectiles 
simply  shattered  upon  impact  and  their  penetration  failed  to  increase 
or  even  decrease  (Ref  6:128), 

More  recently,  methods  for  protecting  spacecraft  from  meteor¬ 
oids  have  become  necessary.  Part  of  the  research  in  this  area  has 
involved  launching  projectiles  at  hypervelocity  ( velocity  greater  than 
the  speed  of  sound  in  the  target  material)  so  as  to  impact  metal  tar¬ 
gets  (Ref  32:  1).  The  craters  produced  by  hypervelocity  projectiles 
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impacting  serr  -infinite  targets  are  roughly  spherically  symmetrical 
(Ref  11:242).  This  spherical  symmetry  seems  to  show  that  the  crater¬ 
ing  process  in  this  velocity  region  is  hydrodynamic  (Ref  6: 134). 

Investigation  <">f  projectiles  impacting  between  the  low  velocity 
and  hypervelocity  range  has  been  very  limited.  As  a  consequence, 
little  information  is  available  on  the  effect  of  projectile  material 
strength  in  this  velocity  region. 

In  Fig.  1,  after  Charters,  the  velocity  impact  spectrum  is 
broken  up  into  three  regions.  The  xirst  region  is  characterized  by 
the  unbroken  projectile  and  constitutes  the  classical  low  velocity 
region.  The  transition  region  is  next  and  is  characterized  by  the 
projectile  fragmenting  upon  impact  and  includes  the  traditional  high 
velocity  region.  The  last  region  is  called  the  fluid  impact  region  and 
is  characterized  by  the  projectile  acting  as  a  fluid  impactor.  This 
last  region  is  analogous  to  the  hypervelocity  or  hydrodynamic  region 
(Ref  6: 128). 

Most  authors  and  researchers  have  devoted  their  interest  to 
either  the  unbroken  projectile  or  the  fluid  impact  regions.  Their 
interests  were  motivated  by  the  specific  needs  (i.  e.  ,  armor  design 
for  combat  or  spacecraft  protection),  thus  the  transition  region  has 
been  neglected  to  a  large  degree  except  for  the  recognition  of  its 
existence  and  the  shifting  of  its  starting  and  ending  points  with 
projectile  and  target  material  properties. 


VELOCITY  (KILOMETERS  PER  SECOND) 


Objective 

In  light  of  the  foregoing  discussion,  it  is  evident  that  a 
significant  gap  exists  in  our  understanding  of  impacts  in- the  transition 
region.  The  purpose  of  this  study  is  to  help  bridge  this  gap.  To 
achieve  this  purpose  the  following  objectives  were  set: 

a.  Formulate  a  mathematical  description  of  the  cratering  event. 

b.  Devise  experimental  procedures  and  conduct  experiments 
to  establish  the  projectile  strength  effects  on  crater 
formation. 

Final  crater  dimensions  and  target  shock  pressure  were 
selected  as  parameters  for  comparing  projectile  material  properties 
effects.  As  a  consequence,  the  experimental  procedures  were  keyed 
to  observe  and  measure  these  quantities  over  the  impacting  velocity 
range  of  1.  0  to  5.  0  km/ sec. 
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LL  Postulated  Model  for  Cratering  in 
Semi-Infinite  Targets 

In  order  to  establish  relationships  between  crater  formation 
and  the  material  properties  of  impacting  projectile  and  target,  it  was 
necessary  to  postulate  a  model  for  the  cratering  process.  In  spite  of 
disagreements  on  the  importance  and  effect  of  material  properties  on 
the  actual  cratering  process,  most  investigators  concur  that  crater 
formation  in  thick  targets  occurs  in  the  following  stages.  Projectile 
penetrates  target  surface  generating  a  shock  wave.  Cavity  expansion 
(cavitation)  ensues  behind  this  shock  wave.  The  expansion  rate  of  the 
crater  decreases  and  the  shock  wave  is  detached  from  the  crater 
surface.  Projectile  and  target  material  flows  along  the  walls  of  the 
crater  and  a  portion  of  this  material  is  ejected.  Crater  expansion 
continues  until  it  is  arrested  by  the  dynamic  strength  of  the 
material  (Ref  30:9). 

The  recent  developments  in  the  "hydrodynamic  codes"  provide 
powerful  techniques  for  theoretically  predicting  the  crater  growth  and 
final  crater  dimensions.  These  numerical  methods  are  complicated 
and  require  very  fast  computers  with  large  memory  capacity  (Ref 
27:17-24,  94-104).  The  cost  of  using  these  methods  for  predicting 
cratering  results  limit  their  application.  With  these  considerations  in 
mind,  a  simple  model  for  cratering  was  sought. 

In  Ref  11,  Goodier  formulates  the  dynamics  of  cratering  in 
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Fig.  2  Rigid  Penetrator  (Ref  11:221) 

Rigid  Penetrator  Theory  (Goodier) 

In  this  theory,  the  projectile  is  considered  as  a  rigid  Brinell 
indenter  with  penetration  up  to  one  projectile  radius.  Figure  2  is  a 
schematic  representation  of  this  process.  Considering  the  projectile 
to  be  a  rigid  sphere  of  mass  M^,  diameter  D,  and  to  impact  the  target 
with  a  normal  velocity  V  ,  at  some  time  t,  the  depth  of  penetration  is 
Z  and  the  crater  diameter  is  2a.  Thus  from  geometry  we  have 
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(1) 


Assuming  the  material  to  obey  Meyer's  law  (Ref  11:220),  the  force 
resisting  the  sphere  at  time  t  is 

*-“•*  <2> 
where  k  and  n  are  constants  of  the  material.  Now  from  the  work  ener¬ 
gy  relationship,  we  have 

.Z=Zf 


i*v£=  f  k(infdz 
•4=o 


(3) 


where  is  the  depth  at  which  penetration  ceases.  Using  Equation  1 


this  becomes 


*<SP 


i 


iu,r 


where  d  is  the  final  radius  of  the  indentation. 


(4) 


The  Meyer  index  n  for  fully  work- hardened  metals  is  close  to 
2.  Using  this  value,  the  Meyer  coefficient  k  obeys  the  following 
relationship: 


k=  2.77  Y 


(5) 


where  Y  is  yield  stress  (value  of  stress  at  which  plastic  deformation 
becomes  measurable)  of  the  target  material  expressed  in  pounds  per 
square  inch  (Ref  11:224).  Hence  Equations  4  and  1  with  n  =  2  and  k 
given  by  Equation  5  prescribes  the  crater  parameters  d  and  Z  for 
penetration  up  to  one-half  projectile  diameter. 
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Cavity  Expansion  Theory  (Goodier) 


In  this  theory,  the  projectile  is  assumed  to  ondex  go  gross 
deformation.  The  crater  produced  is  assumed  to  be  hemispherical 
and  the  pressure  exerted  on  the  crater  surface  is  assumed  uniform. 
The  process  can  be  considered  as  the  detonation  of  a  point  explosive 
at  point  "O’*  of  Fig.  3,  resulting  in  the  uniform  pressure  distribution 
P  as  shown.  The  radius  of  the  hemispherical  crater  at  some  time  t  is 
r. 

In  Ref  15,  Hopkins  derives  the  following  equation  which  is  the 
solution  to  the  problem  of  the  large  expansion  of  a  spherical  cavity  by 
internal  pressure  when  the  material  is  considered  incompressible 
elastically  as  well  as  plastically: 


v'here  =  target  yield  stress 
E  =  Young's  modulus 
^  =  target  density 

E^  =  tangent  modulus  for  linear  strain- hardening  in  true  stress- 
true  strain 

r  =  cavity  radius  at  some  time  t 


radius  r  can  be  found  as  follows: 


where  A  is  surface  area  of  the  hemispherical  shell.  Thus, 


final  ceafigsretisa 


(10) 


From  work-energy  considerations  and  assuming  that  cavity  expansion 
ceases  when  r  =  a  ,  r  =  0,  and  initial  conditions  of  r.  =  0  yields 

X  Cm  X  1 


or 


JiaitMl 


(11) 


(12) 


Since  the  Cavity  Expansion  model  is  hemispherical.  Equation  17.  also 
provides  a  prediction  of  the  depth  of  penetration. 


Deep  Penetration  (Goodier) 

For  the  case  where  the  kinetic  energy  of  the  impacting  projectile 
is  greater  than  the  energy  required  to  produce  a  crater  with  depth  of  a 
projectile  radius  as  prescribed  by  the  Rigid  Penetrator  Theory  and  not 
great  enough  to  cause  the  projectile  to  undergo  gross  deformation, 
Goodier  proposed  the  Deep  Penetration  Theory  to  account  for  the 
inertia  of  the  target  material  being  displaced  by  the  projectile  and 
target  strain  hardening. 

During  the  Deep  Penetration  phase  the  projectile  is  assumed 
to  be  a  rigid  sphere  and  experience  a  resisting  pressure  on  its  frontal 
surface  similar  to  that  described  by  Equation  8  (Ref  11:230).  Taking 
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the  static  part,  P, ,  of  the  pressure  as  acting  over  the  entire  hemi¬ 
spherical  surface,  for  the  point  A  of  Fig.  4,  it  is  reasonable  to 
identify  the  r  with  the  projectile  radios  D/z  for  the  dynamic  part  of 
Equation  8.  Likewise  r  and  r  can  be  related  to  q  and  q  respectively, 
where  q  is  defined  as  the  depth  of  penetration  measured  from  the 
initial  surface  to  the  lower  surface  of  the  projectile.  At  point  C  the 
radial  velocity  and  acceleratic  n  are  zero,  thus  the  dynamic  pressure 
is  zero  also.  Recognizing  that  the  pressure  at  point  C  in  Fig.  4  is 
likely  less  than  the  pressure  at  point  A  due  to  the  fact  that  the  flow  at 
C  is  tangential  to  the  surface,  a  factor  of  cosine  0  was  introduced 
into  the  dynamic  portion  of  the  pressure  distribution  on  the  surface  of 
the  projectile.  After  integrating  the  pressure  over  the  hemispherical 


Fig.  4  Deep  Penetration  (Kef  1 1 :  232) 
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surface,  the  average  pressure  on  the  frontal  part  of  projectile  (analogous  to 
Equation  8)  is  found  to  be: 


(13) 


the  resulting  resistive  force  is 


(14) 


From  Newton's  second  law,  the  dynamical  equation  for  the  sphere  is 


-Mpq  = 


* 


After  the  following  substitutions. 


(15) 


q=q 


dq 


(16) 


(17) 


Equation  15  may  be  integrated  between  initial  and  final  values  of  q  and 
q.  The  result  of  this  integration  is 


6<?q 
b(2  Pprf 


'final 


final 


=  lntyq’+P,) 


^initial 


'initial 


(18) 


Taking  4  ( initial)  =  V  ,  q  (initial)  =  D/2,  q  (final)  =  q,  and  q  (final)  = 
q,  Equation  18  becomes 

ln(Pi+p}$1)  —  ln(#>Vj2-F  l» )  = 


6P» 

D(2$+*>) 


(19) 
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Rewriting  yields 


\nL3*L±A\  -fq  p,.  M  ... 

+  V  ~  q  ^  D(2Pp+Pt) 

Now  considering  q  (final)  =  0,  we  can  solve  for  q  as  follows: 


,,=S+i(*f+>)ln(-3j£+,) 


where  is  the  velocity  of  the  projectile  at  the  start  of  this  phase, 
rather  than  the  initial  impact  velocity.  Thus  Equation  21  yields  a 
prediction  for  crater  depth  if  Deep  Penetration  by  a  rigid  spherical 
projectile  is  the  method  of  cratering.  The  velocity  can  be  obtained 
from  the  Rigid  Penetrator  Theory  with  the  following  results 

w2  _  v2—  4  k 

'  “  >  (22) 


Discussion 

The  Rigid  Penetrator  and  Deep  Penetration  models  as  presented 
by  Goodier  were  coupled  through  the  velocity  V^,  where  was  the 
velocity  at  termination  of  Penetrator  phase  and  initiation  of  Deep 
Penetration  phase.  The  Cavity  Expansion  model  was  used  by  Goodier 
as  a  separate  model  of  particular  importance  in  the  higher  velocity 
ranges.  In  his  development,  Goodier  compared  the  predicted  results 
of  these  models  with  experimental  results  and  found  that  they  gave 
results  which  were  of  at  least  the  same  order  of  magnitude  as  experi¬ 
mentally  measured  values  (Ref  11:239-242). 

It  is  our  view  that  the  theories  discussed  previously  are  not 

applicable  at  intermediate  velocities,  for  they  fail  to  provide  for 


simultaneous  penetration  and  cavity  expansion.  In  this  range,  cratering 


cannot  be  regarded  as  strictly  a  cavity  expansion  phenomenon  or  as 
strictly  penetration. 


Coupled  Model 

The  cratering  process  is  divided  into  three  phases,  as  shown  in 
Fig.  5.  In  the  first  phase,  the  projectile  is  considered  to  be  a  rigid 
penetrator  for  penetration  up  to  a  half  diameter  as  in  Goodier's  Rigid 
Penetrator  Theory.  Equations  1  and  4  give  predictions  of  the  crater 
depth  and  diameter  respectively  if  the  impact  velocity  is  not  great 
enough  to  produce  a  crater  with  depth  equal  to  half  a  projectile 
diameter. 


If  the  projectile  kinetic  energy  is  such  that  there  is  energy  left 
alter  the  projectile  has  penetrated  to  half  a  diameter,  the  cratering 
process  is  assumed  to  begin.  At  this  point,  the  projectile  is  assumed 
to  deform  and  the  cavity  is  assumed  to  simultaneously  expand  radially 
and  to  translate.  This  process  is  termed  Csvity  Expansion  (Fig.  5, 
Phase  II).  Taking  the  start  of  Phase  II  to  be  at  penetration  to  half 
projectile  diameter,  from  the  Rigid  Penetrator  Theory  (Phase  I),  we 


have 


V^—  V2-  —  k 

1  “  >  "  Pp 


where  is  the  velocity  at  the  beginning  of  Phase  II. 

Adding  an  estimate  of  the  work  done  in  deforming  the  projectile  to 
the  work  required  to  expand  the  cavity  from  the  initial  radius  D/z  to  the 


final  value  r  leads  to  a  modified  form  of  the  Cavity  Expansion  Theory 
(Equation  11). 
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r 

*2  *V5  =  J PA  *  +  YpD3 


where  P  is  prescribed  by  Fquation  8,  A  is  the  frontal  surface  area  of  the 

3 

hemisphere,  is  the  mass  of  the  projectile,  and  Y^D  is  an  approxima¬ 
tion  of  the  work  required  to  deform  the  projectile.  This  approximation 
was  proposed  by  Goodiery  who  noted  that  it  is  negligible  compared  to  the 
kinetic  energy,  in  the  hypervelocity  region.  At  velocities  in  the  transi¬ 
tion  region  (Fig.  1),  it  can,  however,  be  significant.  Equation  24  then 


becomes 


z  Jinitii 


final  configuration 


*  -^initial  configuration 

with  the  initial  and  final  values  of  r  assumed  to  be  zero,  while  r  in¬ 
creases  from  D/2.  Solving  for  the  final  radius,  r ^ ,  yields 


Equation  26  is  a  modified  form  of  the  Cavity  Expansion  model  due  to 
Goodier  and  given  as  Equation  12. 

We  now  assume  that  during  Cavity  Expansion  the  mass  of  the 
projectile  and  displaced  target  material 

Msl  =Mp  +  irpt  [r3-o3/&l  (27) 

is  contained  in  a  u^form  hemispherical  shell  of  radius  r.  The  mass  of 
target  material  2/3  tt  p^D  /8  was  assumed  to  be  displaced  statically 
during  Phase  I.  The  projectile  and  displaced  target  material  are 
assumed  to  be  initially  traveling  at  speed  V  ,  but  are  retarded  by  the 
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(28) 


pressure  force.  From  the  principle  of  impulse  and  momentum, 

A 


v.„= yv, A  at 


where  P,  is  static  pressure  prescribed  by  Equation  7.  V  is  the 
1  cm 

velocity  of  the  center  of  mass  of  the  hemispherical  shell  containing 
M^,  tj  corresponds  to  the  end  of  Phase  I,  and  t  corresponds  to  the 

time  when  the  radius  has  reached  r.  Rewriting  Equation  28  yields 

Ji 


A«« 

*1 


(29) 


Using  Equation  25,  but  with  final  conditions  of  r  and  r,  and  solving  for 
r,  we  have 


1  ((^V)  [5  MpvfYPD3+ljrPt  (f  -  f3)| 


Substituting 

tit  =  dr 

\ 

and  Equation  30  into  29  yields 


(30) 


(31) 


-  a  2 

MpV»-M„Vcm 

D3+§  rr  D3- 


r3) 


(32) 


Making  the  substitutions 


Equation  32  reduces  to 


(33) 

(34) 


A  5 

MpV,-  2  ’’."Vs?  j  ^j==r 


(35) 


which  integrates  to 
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iW-iV^r  - 


(36) 


We  may  now  compute  the  translation  of  the  shell  during  the  ex¬ 
pansion  phase.  The  velocity  of  the  center  of  mass  of  the  hemispherical 
shell  assumed  to  contain  the  mass  of  projectile  and  target  material  dis¬ 
placed  during  Phase  11  is  given  by  Equation  36.  The  translation  of  the 


center  of  mass  can  be  determined  from 

t 


*cm~ 


~ xo+  /Vend, 
r 

=  *°+/fV«"A]dr 


(37) 


(38) 


D/2 


With  Equation  36  being  solved  for  and  Equation  30  employed  for  r. 


No  attempt  was  made  to  integrate  Equation  38  in  closed  form,  but  numeri¬ 
cal  integration  was  found  to  present  no  difficulty.  The  range  of  r  was 
divided  into  equal  increments,  Ar.  At  the  end  of  the  first  increment, 
the  radius  r  is 


'=--0/2+  Ar 


(39) 


Substituting  this  into  Equation  35  provides  a  value  for  V  at 

cm 


r  =  D/2  +  Ar.  An  average  V cm  over  the  interval  may  be  defined  as 


\i  —  Vcm(D/2)  *  Vcm(D/2+Ar) 

vm  * 


wcm 


avtj 


(40) 


where 

Vcm(0/2)  ~~  V1 

An  average  radius  over  this  increment  is 


8 


(41) 
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thickness  of  the  shell. 


The  final  crater  depth  in  the  case  where  translation  terminates 
daring  Phase  Q  is  therefore 


q,  =',*J 


(46) 


where  the  integration  is  to  be  performed  numerically,  as  described* 
earlier. 

If  the  velocity  V  is  not  yet  zero  at  the  time  when  cavity  expan- 
cm 

sion  ceases  (the  end  of  Phase  II),  an  additional  translation,  (Phase  III 
of  Figure  5)  analogous  to  Goodiers  Deep  Penetration  Theory  will  take 
place  after  the  expansion  ceases.  The  mass  of  the  shell  is  assumed  to 
remain  constant  during  this  phase.  Substituting  Equation  33  and  34  into 
26  yields 

1/3 

r,  =(c/b1  (47) 

as  the  final  value  of  crater  radius.  Substituting  this  into  Equation  36 
yields  a  value  for  the  velocity  of  the  center  of  mass  at  the  end  of 
Phase  II  of 


I*  „  / — flD.feD  bD4 


bVt 


.arc  tin 


(48) 


Once  again,  the  force  retarding  the  translation  is  assumed  to  be  the 
resultant  of  the  pressure  distribution  given  by  Equation  11.  Thus 

,49) 

Integration.  /ields 
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with  the  limits  of  integration  being:  q 


initial  ^aa  *  ^final  °* 
1 


q  .  .  =  q.;  q,.  =  q  .  The  final  expression  for  the  depth  is  then 

initial  1  final  1 


M,|*fn?,i3  M)+  /«*«■»*> 


*  *»  m»,  r, 


Observations.  From  Equations  26  and  51,  the  Coupled  Model  provides 
a  means  of  predicting  crater  dimensions  if  V^,  computed  from  Equation 
22,  is  greater  than  zero.  It  was  assumed  that  the  mass  displaced 
daring  Phase  11  as  well  as  the  mass  of  the  original  projectile  is  distri¬ 
buted  in  a  shell  of  uniform  thickness.  For  a  relatively  soft  projectile 
impacting  at  moderate  velocity,  it  has  been  observed  that  the  crater  is 
coated  with  a  thin  shell  of  the  projectile  material,  lending  credence  to 
such  an  assumption.  The  shell  depth  has  been  measured  in  craters 
formed  by  hypervelocity  impact  (Ref  7:64). 

The  ejecta  resulting  from  the  impact  has  not  been  considered. 
Since  the  momentum  of  the  ejecta  is  of  opposite  sign  to  the  momentum 
of  the  mass  in  front  of  the  translating  cavity,  it  is  expected  that  the 
theory  will  under  predict  the  depth  of  the  cavity. 

The  mode  of  cratering  assumed  by  an  inclusion  of  Phase  I 
(Rigid  Penetration)  limits  the  application  of  this  Coupled  Model  to  im¬ 


pacts  where  the  projectile  strength  is  significantly  greater  than  the 


target  strength  so  that  the  projectile  initially  acts  as  a  rigid  penetrator 


m.  Exper  imc  tal  Aggroach 


General 

In  order  to  establish  the  relationships  between  crater  dimensions, 
peak  shock  pressor*;  and  projectile  material  strength,  a  series  of  experi¬ 
ments  were  conducted.  In  all  experiments  the  target  material  was 
6061-H  aluminum  and  the  projectiles  were  C.  9525  cm  diameter  spheres 
of  different  aluminum  alloys,  these  alloys  being:  1100-T0,  6061-T6, 
2017-T4,  and  7075-T6.  Primary  interest  was  placed  on  examination 
of  impacts  at  1.  0  to  5.  0  km/sec  into  semi- infinite  targets  (5.  08  cm 
thick  by  8. 89  cm  diameter  cyclinders). 

Fragment  Launch  Range 

The  AFML  fragment  launch  range  was  used  for  all  shots  in 
this  experimental  program  except  for  those  at  velocities  greater  than 
2.  9  km/sec.  The  AFML  light- gas  gun  used  for  the  highest  velocity 
shots  is  described  in  the  next  section.  A  brief  description  of  the  range 
setup  and  facility  instrumentation  as  applied  to  this  investigation  is 
included  here.  Figure  6  shows  the  component  parts  of  the  facility  and 
Ref  1  contains  a  complete  description  of  the  facility. 

The  fragment  launch  range  uses  a  conventional  research  gun  to 
launch  a  projectile  with  principal  dimensions  up  to  1.  27  cm  at  velocities 
of  up  to  3  km./sec.  Viewing  ports  and  instrumentation  along  trajectory 
permit  various  dynamic  measurements. 

Figure  7  shows  the  range  set  up  for  firing  the  lower  velocity 
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Component  Pert,  of  Fragment  Launch  Rang. 


Fig.  7.  Fragment  Launch  Range  Setup  for 
Low  Velocity  Shots 

shots  (less  than  1.  6  km/sec).  In  this  configuration  a  five  foot  standard 
research  barrel  is  used  with  a  twelve  gage  shotgun  shell  with  varying 
amount  of  powder  providing  the  propulsion. 

The  range  setup  for  the  medium  velocity  shots  ( 1.  6  to  2.  6  km/ 
sec)  is  shown  in  Fig.  8.  A  six  foot  standard  research  barrel  is  used, 
however  it  has  been  modified  so  that  the  bore  can  be  evacuated.  In 
addition,  a  petal  valve  with  shear  disk  was  installed  in  the  breach  to 
aid  in  pressure  buildup.  A  20  mm  shell  with  varying  amounts  and  types 
of  powder  was  used  for  propulsion. 

F igure  8  shows  the  configuration  for  the  highest  velocities  (up 
to  2.  83  km/ sec)  achieved  on  the  open  air  fragment  range.  The 


Fig.  8.  Fragment  Launch  Range  Setup  for 
Medium  and  i'hgh  Velocity  Shots 

configuration  is  the  same  as  for  the  description  for  the  medium  velocity 
shots,  except  that  a  ten  foot  barrel  was  used. 

The  range  setups  described  and  shown  in  the  figures  were  the 
final  results  of  range  modifications  to  overcome  problems  as  they 
arose  in  the  course  of  the  experiments. 

Fragment  Launch  Range  Experimental  Procedures 

Fifty  caliber  barrels  were  used  for  launching  the  aluminum 
spheres.  The  required  velocities  were  obtained  by  varying  the  range 
setup  as  described  previously  and  by  varying  the  powder  charge.  Two 
section  sabots  (Fig.  9),  which  are  separated  by  aerodynamic  drag, 
were  used  to  hold  the  projectile  during  launching. 


i 


Fig.  9.  Two  Section  Sabot  and  Projectile 
Velocity  Determination.  The  average  projectile  velocity  was 
obtained  by  measuring  the  elapsed  time  of  travel  between  two  contact 
screens  placed  0.  915  meters  apart.  An  Eldorado  Model  1410  Counter 
Timer  was  the  time  measuring  instrument.  The  effect  of  velocity  loss 
between  measured  point  and  impact  due  to  drag,  discussed  in  Appendix 
A,  was  found  to  be  no  more  than  2.  5  percent. 

Shock  Pressure  Measurement.  Figure  10  shows  the  basic 
mechanism  of  the  "flyer"  technique  used  to  measure  the  free  surface 
velocity.  When  a  target  is  impacted  by  a  projectile,  a  spherical  dis¬ 
turbance  is  generated  at  the  impact  point  and  propagated  through  the 
target  material.  After  traveling  a  short  distance  into  the  target,  the 
shock  profile  is  established  as  shown  in  Fig,  10  (b).  Neglecting  the 
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SOURCE 


Fig.  10  "Flyer"  Technique  (Ref  10:179) 


effect  of  rarefaction  waves  generated  at  the  interface,  the  shock  wave 
enters  the  flyer  across  the  interface.  After  reaching  the  free  surface 
of  the  flyer,  the  compression  shock  wave  is  reflected  as  a  tension  wave 
which  moves  back  through  the  flyer.  Asstuning  the  bond  between  target 
and  flyer  to  be  of  zero  strength,  at  the  instant  that  the  stress  at  the 
interface  goes  into  tension,  the  flyer  will  fly  off  with  a  velocity  which 
is  twice  that  of  the  material  velocity  in  the  target  material  (Ref  10: 178- 
18C).  Using  this  free  surface  velocity  to  determine  the  particle  velocity, 
then  applying  the  Rankine-Hugoniot  jump  condition  as  described  in 
Appendix  C,  enables  a  calculation  of  the  shock  pressure. 

Three  0.  6  cm  diameter  by  0.  03  cm  thick  flyers  were  attached 
to  the  vertical  centerline  of  the  back  of  the  targets  as  shown  in  Fig.  11. 
An  essentially  zero  strength  bend  was  achieved  by  using  a  thin  film  of 

vacuum  grease  between  the  target  and  flyers.  To  eliminate  the  effect 

$ 

of  drag  on  the  flyers,  a  8.  25  cm  by  5.  0  cm  by  5.  0  cm  Plexiglas  box 
with  a  hole  drilled  and  taped  in  one  side  to  permit  connection  of  vacuum 
pump  was  placed  over  the  flyers,  glued  to  the  target, and  evacuated 
(Fig.  12). 

A  Wollensak  Fastax  high  speed  motion  picture  camera  was  used 
to  measure  the  flyer  velocities.  The  procedure  was  as  follows:  a 
Wollensak  Goose  Control  Unit  was  used  as  the  control  unit  for  operating 
the  Fastax  Camera  and  firing  the  gun.  When  the  range  was  ready,  the 
Goose  control  unit  was  triggered  which  in  turn  started  the  camera  and 
at  a  preset  time  delay  emitted  a  signal  to  fire  the  gun.  The  time  delay 
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Fig.  11  Flyer  Configuration  Fig.  12  Flyer  Target  Configuration 


was  required  so  the  camera  could  reach  the  desired  framing  rate  before 
the  gun  fired.  The  Fastax  camera  is  a  constant  speed-drive  camera 
(for  a  specific  input  voltage),  thus  its  framing  rate  is  continuously 
changing  as  the  amount  of  film  on  the  take-up  reel  increases.  The 
framing  rate  of  the  camera  was  obtained  by  placing  timing  marks  on 
the  film  during  event  photc graphing.  The  timing  marks  were  produced 
by  a  neon  glow  lamp  mounted  under  the  drive  sprocket  in  the  camera 
housing.  The  glow  lamp  is  energized  by  a  1,  000  cps  signal  generated 
by  a  Wollensak  Model  WF  311  Fastax  Pulse  Generator.  This  provides 
1, 000  light  flashes  per  second.  The  light  emitted  from  the  glow  lamp 
is  focused  on  the  edge  of  the  film  producing  2.  5  mm  wide  timing  marks 
along  one  edge  of  the  developed  film  (Fig.  13)  outside  of  the  picture 
area  (Ref  17:  1-5). 


Fig.  13.  Fastax  Timing  Mark 
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A  computer  program  available  at  AFML  was  used  in  the 
reduction  of  flyer  data  (Ref  28).  The  program  input  requires  the  x,  y 
coordinates  of  a  stationary  reference  point  for  each  frame,  and  those 
of  the  moving  points  of  interest,  respective  frame  number,  designation 
of  a  zero  time  frame,  as  well  as  x  and  y  magnification  factors,  and 
camera  speed.  The  output  of  this  program  gives  velocity  based  on  a 
least  squares  fit  of  position-time  data  to  a  straight  line. 

To  provide  the  stationary  reference  required  by  the  program, 
the  grid  shown  in  Fig.  14  was  placed  in  the  field  of  view  between  the 
camera  and  target  as  shown  in  Fig.  16.  The  grid  consisted  of  two 
vertical  wires  and  one  horizontal  wire.  In  addition,  at  selected  inter¬ 
vals  a  wire  grid  (Fig.  15)  was  photographed  with  the  Fastax  Camera  to 
check  parallax  and  to  verify  the  magnification  factors  determined  by 
the  normal  grid. 


Fig.  15  Calibration  Grid 


Fig.  16  Reference  Grid  Position 
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Light-Gas  Gun 

The  AFML  light-gas  gun  was  used  for  the  higher  velocity  shots 
(greater  than  2.  83  km/sec)  of  this  experimental  program.  Figure  17 
shows  the  main  parts  of  the  light- gas  gun  and  Ref  20  contains  a  complete 
description  of  its  operation.  A  brief  discussion  of  the  light-gas  gun  is 
included  here  for  completeness. 

The  light- gas  gun  uses  a  conventional  40  mm  shell  to  drive  a 
piston  which  in  turn  compresses  hydrogen  gas.  The  compressed  gas 
then  launches  the  projectile.  The  gun  has  the  capability  of  launching 
projectiles  weighing  one  gram  at  velocities  of  up  to  9  km/sec.  Viewing 
ports  and  instrumentation  along  trajectory  facilitate  measurement  of 
various  dynamic  events.  The  target  is  mounted  in  a  cubic  target  tank 
which  has  removable  ports  to  permit  instrumentation  of  the  impact 
events  (Ref  32: 18-19). 

Light-Gas  Gun  Experimental  Procedures 

A  fifty  caliber  barrel  was  used  for  launching  the  projectile. 

The  required  velocities  were  obtained  by  varying  the  powder  charge. 

The  same  two  section  sabots  (Fig.  9)  as  used  in  the  fragment  launch 
range  experiments  were  used  to  hold  the  projectile  during  launching. 

Velocity  Determination.  A  Wollensak  Corporation  16-mm 
Fastax  Oscillographic  Camera  was  used  to  measure  the  velocity  of  the 
projectile.  The  system  shown  in  Fig.  18  generates  shadowgraph  images 
of  the  projectile  on  the  camera  film.  The  camera  is  positioned  to  view 
two  slits  placed  adjacent  and  perpendicular  to  the  range  axis  as  shown 


Fig.  17  Component  Parts  of  Light  Gas  Gun 


Fig.  18  Fastax  Oscillographic  Camera 
Setup 

in  Fig.  19.  The  mirror  systems  are  used  to  align  the  images  from  the 
slits  end-to-end  on  the  film.  The  time  betweer  generation  of  the  two 
images  is  the  tune  required  for  the  projectile  to  traverse  the  distance 
between  the  two  slits.  The  projectile  velocity  is  thus  determined  by 
knowing  the  distances  between  the  slits  and  the  elapsed  time  of  travel 
between  them  (Ref  29:14-  15). 

Shock  Pressure  Measurement.  The  same  basic  orocedures 
were  used  to  measure  flyer  velocity  as  discussed  in  the  fragment  launch 
range  section.  The  only  deviation  being  that  a  Beckman  and  Whitley 
Model  326-3  Dynafax  Camera  was  used  to  photograph  the  flyers. 

Measurement  Techniques 

Flyer  Velocity.  The  film  records  of  the  flyers  produced  in  both 
phases  of  the  experiment  were  translated  into  numerical  data  suitable 


Fig.  19  Diagram  ci  Streak  Camera  System 
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for  input  into  the  computer  program  mentioned  previously  with  an 


automatic  digital  film  reader  (Fig.  20).  A  complete  description  of 
this  system  is  contained  in  Ref  30.  The  film  to  be  read  is  positioned 
on  a  microscope  stage  located  in  the  object  plane  of  the  projection 
microscope.  Micrometer  drums  drive  the  stage  in  two  perpendicular 
directions.  The  image  is  projected  on  a  screen  which  contains  a  pair 
of  crossed  reference  lines.  The  film  being  read  is  positioned  such 
that  the  reference  line  in  each  frame  is  aligned  with  the  fixed  reference 
on  the  screen.  This  reference  position  is  then  automatically  punched 
on  an  IBM  card  by  activating  a  switch.  Next  the  flyer  is  positioned 
under  the  reference  point  on  the  screen  and  its  coordinates  are  punched 


Fife.  20  Automatic  Film  Reader 


37 


on  another  IBM  card  by  activating  the  switch  again.  This  procedure  is 
repeated  for  each  flyer  in  the  frame  and  for  the  successive  frames  of 
film  containing  information  (Ref  26: 50-51). 

Crater  Measurement.  Crater  depth  and  diameter  measurements 
were  obtained  using  a  depth  gage  and  microscope  in  conjunction  with  a 
machinists  calibrated  travel  table  (Fig.  21).  The  quantities  to  be 
measured  are  shown  in  Fig.  22.  The  procedure  was  to  focus  the  micro¬ 
scope  on  an  undeformed  portion  of  the  target  surface.  The  target  was 
traversed  under  the  microscope  until  a  ring  of  the  crater  wall  came  into 
focus  and  the  cross  hairs  were  aligned  on  it.  The  scale  on  the  drive 
shaft  of  the  calibrated  travel  table  was  zeroed  at  this  point  and  the  table 
was  traversed  across  the  crater  until  the  opposite  side  of  the  crater 
ring  came  into  focus.  The  cross  hairs  were  then  aligned  on  this  side 
of  the  ring.  The  distance  traveled  is  the  crater  diameter.  For  depth 
measurements,  the  microscope  was  focused  on  an  undeformed  portion 
of  the  target  surface  and  the  depth  gage  was  set  to  zero.  The  table  was 
then  traversed  to  the  approximate  center  of  the  crater  and  the  micro¬ 
scope  lowered  till  the  bottom  of  the  crater  came  into  focus.  The  location 
of  the  crater  bottom  was  achieved  by  repositioning  the  target  and  check¬ 
ing  the  focus  of  the  crater  bottom.  Once  having  determined  that  the 
microscope  is  focused  on  the  crater  bottom,  a  reading  of  the  crater 
depth  is  obtained  from  the  depth  gage.  To  eliminate  reading  errors,  the 
crater  diameters  were  measured  at  least  four  times  for  each  target  and 
the  depth  twice  by  different  operators.  The  values  listed  in  Table  II  are 
the  results  of  averaging  these  readings. 
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Fig.  21  Crater  Measurement  Setup 


Fig.  22  Crater  Measurement  Technique 
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Projectiles  and  Targets 

All  targets  were  cat  from  606 1-H,  aluminum  ingots.  A  Brinell 
hardness  test  of  the  material  was  conducted  with  results  shown  in 
Fig.  37.  In  addition,  samples  of  the  target  material  were  subjected  to 
a  dynamic  compression  test  using  a  Hopkinson  Split  Pressure  Bar 
apparatus.  Appendix  B  contains  a  description  of  the  bar  and  procedures 
followed  in  the  testing.  The  material  constants  shown  in  Table  I  for 
606l-H  are  the  results  of  these  tests. 

The  projectiles  were  made  from  four  different  aluminum  alloys: 
1100-T0;  6061-T6;  2017-T4;  and  7075-T6.  The  material  constants  for 
these  materials  are  presented  in  Table  I  with  appropriate  references. 

The  2017-T4  projectiles  were  obtained  commerically  from  Hartford 
Universal  Company.  The  other  projectiles  were  manufactured  by  the 
University  of  Dayton  from  bar  stock  of  the  specific  alloy.  The  weight 
of  each  projectile  fired  was  recorded  and  is  presented  in  the  Summary 
of  Experimental  Results,  Table  II. 

The  effect,  if  any,  of  the  manufacturing  process  for  the  projectiles 
was  also  considered.  Projectiles  of  each  alloy  were  annealed  to  its 
designated  temper  in  accordance  with  the  requirements  specified  in 
Ref  21.  These  annealed  projectiles  were  then  fired  at  targets  and  the 
resulting  craters  compared  with  craters  produced  by  work- hardened 
projectiles  fired  at  or  near  the  same  velocity  to  determine  the  effect  of 
cold  working  of  the  projectiles,  if  any.  The  results  are  presented  and 
discussed  in  Appendix  B. 
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IV.  Experimental  Results  and 


Data  Analysis 

Cratering  Results 

For  the  purpose  of  graphically  displaying  the  greatest  contrast 
in  the  craters  produced,  photographs  of  selected  craters  over  the  impact 
spectrum  of  this  experimental  program  for  the  1100-T0  and  7075-T6  alloys 
are  presented. 

Figure  23  is  a  photograph  of  the  selected  1100-T0  alloy  projectile 
shots.  It  should  be  noted  that  each  target  is  identified  with  shot  number 
and  impact  velocity.  The  targets  are  arranged  in  order  of  impact 
velocity,  with  the  lowest  velocity  target  being  the  uppermost  in  the 
photograph.  The  lower  velocity  shots  shown  (velocity  less  than  1  km/ sec) 
provided  no  cratering  data  due  to  the  projectiles  remaining  in  the  craters. 
Any  measurements  would  have  necessitated  costly  cutting  and  machining. 
Consequently,  these  particular  shots  are  not  listed  in  any  other  part  of 
this  report. 

Typical  craters  produced  by  the  7075-T6  alloy  projectile  are 
shown  in  Fig.  24;  the  comments  made  for  the  1100-T0  alloy  shots 
photograph  are  equally  applicable  to  this  photograph. 

In  Fig.  25  a  very  interesting  and  noteworthy  result  was  observed. 

As  shown  in  the  figure,  a  hemispherical  shell  of  the  projectile  material 
was  lifted  out  of  the  crater.  The  hemispherical  shape  of  this  shell  lends 
some  credence  to  the  assumption  of  the  mode  of  projectile  deformation 
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Fig,  24  Typical  7075-T6  Craters 
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Fig.  25  Crater  and  Hemispherical  Shell 
of  Projectile  Material 


used  in  the  Coupled  Cratering  Model  development.  This  result,  which 
was  not  reproduced  as  completely  in  any  of  the  other  experimental  shots, 
is  ah  excellent  example  of  the  large  deformation  undergone  by  the 
projectile  during  high  velocity  impact. 

Diameter  and  Depth  of  Craters,.  A  summary  of  the  experimental 
cratering  results  are  presented  in  Table  II  (Appendix  D),.  The  values  of 
velocity  V2  listed  in  Table  II  for  shots  fired  on  the  Fragment  Launch 
Range  have  been  corrected  for  drag  effects  as  described  in  Appendix  A. 
The  accuracy  of  velocity  determination  was  ±  0.  33%  and  ±  6.  25  for  the 
Fragment  Launch  Range  and  light-gas  gun  respectively.  The  craters 
formed  were  not  exactly  symmetrical;  consequently,  the  results  for 
crater  diameter  listed  represent  an  average  diameter.  The  crater 
diameter  measurements  were  made  to  within  ±  0,  025  cm  with  ah 
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accompanying  measurement  error  of  ±2%.  Crater  depths  were 
measured  to  within  ±0.  01  cm  with  an  accompanying  error  of  ±  3.  6%. 

Graphs  of  final  crater  depth  and  diameter  vs  impact  velocity 
for  the  projectiles  used  in  this  study  are  presented  in  Appendix  D.  The 
curves  presented  on  the  graphs  are  first  order  polynomial  least  squares 
fits  to  the  data.  The  standard  deviation  (tr)  is  shown  as  broken  lines  on 
the  graphs.  The  shots  using  the  specially  annealed  projectiles  are 
shown  as  triangles,  while  all  other  data  points  are  represented  as  octa¬ 
gons.  The  effect  of  manufacture  is  verified  as  negligible  by  the  position 
of  the  annealed  data  points  on  the  figures.  This  point  is  discussed  more 
fully  in  Appendix  B. 

To  portray  graphically  the  effect  of  projectile  strength  on  final 
crater  dimensions  and  to  prevent  over  cluttering  the  graph  with  data 
points,  it  was  decided  to  present  graphically  the  two  materials  repre¬ 
senting  the  widest  span  in  projectile  strength  ( 1 100-T0  and  7075-T6). 

The  results  are  shown  in  Fig.  26  and  Fig.  27. 

Figure  26  shows  that  the  projectile  strength  has  little  effect  on 
crater  diameter  over  the  velocity  spectrum  of  this  experimental  pro¬ 
gram.  However,  the  contrary  is  shown  in  the  depth  vs  impact  velocity 
data  (Fig.  27).  This  graph  shows  that  the  crater  depths  for  the  two 
projectile  materials  differ  significantly  at  lower  velocities  but  are 
effectively  the  same  for  impact  velocities  of  3.  5  km/sec  or  greater. 

Shock  Pressure  Results 

The  resists  of  the  peak  shock  pressure  experiments  are 
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CRATER  DIAMETER  VS  PROJECTILE 
VELOCITY 

IIOO-TO  AND  7075-T6  PROJECTILES 
6061 -H  TARGETS 


VELOCITY 

Fig.  26  Crater  Diameter  vs  Projectile  Velocity  for 
1100-T0  and  7075-T6  Projectile  Shots 
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Fig.  27  Crater  Depth  vs  Projectile  Velocity  for 
1100-T0  and  7075-T6  Projectile  Shots 
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presented  in  tabular  form  in  Table  IV  (Appendix  E).  The  values  for 
pressure  and  flyer  velocity  shown  were  computed  using  the  corrections 
and  relationships  presented  in  Appendix  C.  Graphs  of  shock  pressure 
vs  impact  velocity  for  the  specific  projectile  materials  treated  in  this 
study  are  presented  in  Fig.  28. 

Analysis  of  the  shock  pressure  or  flyer  velocity  data  shows  an 
unexpected  high  degree  of  scatter.  This  scatter  prevents  any  meaningful 
conclusions  being  drawn  from  this  portion  of  the  experimental  program. 
However,  disregarding  the  data  from  the  three  highest  velocity  shots 
and  extending  the  linear  fits  of  the  remaining  data  shows  that  these  fits 
converge  at  approximately  3.  5  km/sec  for  the  1100-T0  and  7075-T6 
alloy  shots.  This  observation  is  very  interesting  when  considered  in 
light  of  the  final  crater  dimension  result;  however,  there  is  no  justi¬ 
fication  for  disregarding  the  higher  velocity  shots.  The  experimental 
procedures  and  data  reduction  techniques  were  reviewed  and  no  definite 
conclusions  could  be  drawn  as  to  the  cause  for  the  scatter.  Other 
experimental  programs  using  basically  the  same  technique,  but  in  a 
higher  velocity  impact  region,  did  not  experience  this  type  of  scatter 
(Ref  10  and  27). 
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V.  Celled  Model  Prediction*  and  Comparison* 
with  Experimental  Result* 

The  Coupled  Model's  predictions  were  compared  with  the 
experimental  results  of  this  study  and  with  some  experimental  results 
obtained  at  the  Air  Force  Materials  Laboratory  Hypervelocity  Facility. 
The  results  of  these  comparisons  are  treated  separately  in  the  following 
sections. 

Comparison  with  Experimental  Results  of  this  Study 

The  solid  lines  shown  on  the  graphs  in  Fig.  29  represent  the 
output  of  a  computer  program  of  the  Coupled  Model  developed  in 
Section  n.  The  experimental  data  points  are  shown  on  the  graph  as 
octagons. 

Diameter  Comparisons.  From  Fig.  29,  it  is  seen  that  the 
model  provides  an  excellent  prediction  of  crater  diameter  for  all  of 
the  projectile  materials  treated  in  this  study.  The  1100-T0  projectile 
graph  shows  that  the  model  prediction  is  so  close  that  it  could  be  mis¬ 
construed  to  be  a  curve  fit  of  the  data.  For  the  other  projectile  materi¬ 
als  of  this  study,  the  model  predictions  are  not  as  spectacular;  however 
the  general  slope  and  shape  of  the  curves  appears  to  be  qualitatively  the 
same  as  the  experimental  data. 

The  variations  between  the  predictions  of  the  model  and  the 
experimental  results  range  from  essentially  zero,  in  the  case  of 
1100-T0,  to  within  0.  16  cm  or  8%  for  the  7075-T6  projectiles.  It  will 
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also  be  noted  that  the  -variation  between  theory  and  experiment  increases 
with  projectile  strength. 

Crater  Depth.  The  procedure  for  jpredicting  crater  depth  as 
developed  in  Section  11  was  not  considered  appropriate  for  the  impact 
of  1100- TO  projectiles  onto  6061-H  targets,  since  the  yield  strength  of 
11 00 -TO  is  less  than  half  that  of  6061-H.  In  such  a  case,  the  rigid 
penetrator  theory  employed  in  Phase  1  is  not  appropriate.  Moreover, 
it  is  not  appropriate  to  compare  the  penetration  for  projectiles  of  dif¬ 
ferent  yield  strengths,  for  it  was  assumed  in  the  development  of  the 

model  that  the  complete  destruction  of  the  projectile,  requiring  an 
3 

energy  Y^D  t  would  take  place  during  the  cavity  expansion  pha.  e.  The 
details  of  the  rate  at  which  the  projectile  is  consumed  do  not  affect  the 
predictions  of  the  final  crater  diameter,  as  long  as  the  destruction  is 
complete,  but  would  affect  the  prediction  of  the  depth.  It  is  assumed 
that  the  rate  of  destruction  of  the  projectiles  would  be  influenced  sig¬ 
nificantly  by  the  properties  of  the  projectiles.  For  these  reasons, 
only  a  comparison  between  theory  and  experiment  for  the  strongest 
projectiles  (7075-T6)  is  given  here.  Experimental  data  for  7075-T6 
are  repeated  on  Fig.  29b,  and  the  solid  lines  are  the  predictions  of  the 
coupled  model  for  the  two  assumed  cases  of  assumed  shell  thickness. 

The  lower  curve  corresponds  to  f  =  l/2  (zero  shell  thickness),  and  the 
upper  curve  corresponds  to  f  =  3/8,  i.  e.  a  shell  thickness  equal  to  the 
radius  of  the  hemisphere.  The  dashed  line  represents  the  depth  which 
would  result  if  the  crater  were  assumed  to  be  hemispherical  so  that 


53 


the  depth  would  equal  the  predicted  £inal  crater  radius.  It  can  be  seen 
from  the  figure  that  the  theory  predicts  the  crater  depths  remarkably 
well  in  the  range  of  1.  5  to  2.  5  km/ sec.  A  value  of  f  midway  between 
the  two  limiting  values  would,  in  fact,  give  remarkable  agreement.  It 
is  particularly  significant  that  the  theory  gives  a  much  better  predic¬ 
tion  of  depth  than  the  assumption  of  a  hemispherical  crater  (depth  = 
radius),  which  would  lead  to  the  dashed  line.  At  higher  velocities 
(above  3  km/sec),  the  agreement  between  the  theory  and  the  limited 
data  obtained  in  these  experiments  suggests  that  the  theory  is  not  as 
successful.  Calculations  were  performed  for  6061-T6  and  2017-T4 
projectiles;  the  results  were  virtually  indistinguishable  from  the 
results  for  7075-T6  for  impact  velocities  above  1.  5  km/sec. 

Comparison  w  ith  Hyper  velocity  Data 

To  test  {he  applicability  of  the  model  in  the  hypervelocity  range, 
the  model  predictions  were  compared  with  the  results  of  some  experi¬ 
ments  conducted  at  the  AFML  Hypervelocity  Facility.  The  specific 
experimental  results  are  shown  in  Table  V  (Appendix  F).  It  will  be 
noted  that  the  data  is  for  two  different  target  materials  (1100-T0  and 
6061 -T6)  and  for  spherical  projectiles  of  two  different  diameters  (3.  18 
mm  and  6.  35  mm).  The  results  of  these  comparisons  are  shown  in 
Fig.  30,  with  the  model  predictions  again  shown  as  continuous  curves. 

For  the  6061-T6  target  material  shots,  it  is  seen  from  Fig.  30a 
that  the  model  provides  a  good  prediction  for  crater  diameter.  The 
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comparison  with  1100-T0  target  data  (Fig.  30b)  shows  that  the  model 
predicts  crater  diameter  to  within  0.  2  cm  or  13%. 

The  predictions  of  depth  are  compared  with  experimental  results 
in  Figures  30c  and  30d.  The  predicted  crater  radii  are  also  shown  as 
the  dashed  curves.  At  these  velocities,  the  coupled  model  (using  an 
intermediate  value  of  f)  leads  to  predictions  of  depth  which  differ  but 
little  from  the  crater  radii.  Either  provides  an  estimation  of  depth 
which  is  within  15%  of  the  data  for  6061 -T6  targets  and  considerably  better 
in  the  case  of  1100-T0  targets. 


VI.  Conclusions  and  Recommendations 


Conclusions 

The  projectile  strength  does  have  an  effect  on  final  crater 
dimensions  in  the  lower  and  middle  part  of  the  transition  velocity 
range  (Fig.  1)  for  the  projectile  and  target  materials  considered  in 
this  study.  Those  materials  were:  for  the  projectiles-- 1 100-T0, 
2017*T4,  6061-T6,  and  7075-T6;  for  the  targets  6061-H.  At  3.5  km/sec 
projectile  strength  effects  are  seen  to  disappear  as  evidenced  by  the 
craters  becoming  virtually  indistinguishable  for  the  different  projectile 
alloys  used  in  this  study. 

The  shock  pressure  experiments  provided  no  meaningful  infor¬ 
mation  due  to  the  scatter  in  the  data.  This  scatter  indicates  either 
something  is  wrong  with  the  experimental  procedures  or  that  the 
physics  associated  with  shock  propagation  in  the  velocity  region  of 
this  experimental  program  is  different  from  that  found  by  Prater  (Ref  27) 
and  others  in  the  hypervelocity  region. 

The  Coupled  Model  provided  excellent  predictions  of  crater 
diameter  for  all  of  the  projectile  materials  (1100-T0,  2017-T4, 

6061-T6,  and  7075-T6)  of  the  experimental  portion  of  this  study.  The 
variation  between  the  predictions  of  the  model  and  the  experimental 
results  range  from  essentially  zero  in  the  case  of  1100-T0  and  to 
within  0.  16  cm  or  8%  for  the  7075-T6  projectiles.  The  predictions 
of  the  model  for  crater  depth  showed  good  agreement  with  experi¬ 
mental  results.  The  model  is  not  applicable  to  impacts  where  the  ratio 
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of  projectile  strength  to  target  strength  is  not  great  enough  so  that 
the  projectile  can  be  considered  as  a  rigid  penetrator  in  Phase  I  of 
the  Coupled  Model  Theory.  Comparison  of  the  model  with  AFML 
hypervelocity  data  showed  that  the  model  again  provides  a  good  pre¬ 
diction  for  crater  dimensions.  The  general  shape  and  slope  of  the 
model  predictions  were  qualitatively  similar  to  the  experimental 
results. 

The  results  of  the  model  comparisons  indicate  that  using 
dynamic  principles  for  modeling  provides  predictions  which  are 
remarkably  good  considering  the  simplifying  assumptions  and 
approximations  used  in  the  model  development.  The  closeness  and 
the  qualitative  similarity  between  predictions  and  experimental 
results  indicate  that  the  model  holds  great  promise  in  providing  a 
theoretical  approach  to  the  long  standing  problem  of  modeling  the 
cratering  phenomenon. 

Recommendations 

a.  Additional  experiments  should  be  conducted  with 
different  projectile-target  combinations  to  reaffirm 
that  final  crater  dimension  differences  disappear 
with  velocity. 

b.  The  shock  pressure  experiments  should  be  repeated 
using  the  same  procedure  as  used  in  this  study. 

However,  careful  consideration  should  be  given  to 
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the  validity  of  the  method.  Consequently,  other 
experimental  procedures  should  be  devised  to 
substantiate  these  results. 

c.  The  Coupled  Model  should  be  compared  with  other 
cratering  experimental  data  over  a  large  range 
of  projectile-target  combinations  and  velocities. 
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Appendix  A 


Atmospheric  Drag  Effects 


The  velocity  of  the  projectile  was  measured  experimentally 
82  cms  ahead  of  the  impact  point.  Since  the  fragment  launch  range  is 
an  open  air  range,  a  correction  for  drag  effects  must  be  considered  in 
determining  the  impact  velocity. 

The  drag  force  on  the  projectiles  is  given  by  the  following 
relationship: 

(52, 

where 

Cp  =  dimensionless  drag  coefficient 

Pa  =  the  density  of  air 
V  =  the  projectile  velocity 
A  =  the  frontal  area  of  projectile 

Using  Newton's  second  law,  Equation  52  can  be  expressed  as: 


-|d3p 

6  rp 


=  If  Ap  v2 

dt  2tDMfaV 


v  lie  re 


D  =  projectile  diameter 
pp  -  projectile  density 
Simplifying 

jjy.  3C Dt>y 

dt  4  D  p 
P 


(53) 


(54) 
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,  .  v  _  dx 

and  since  V  -  ~ , 
at 


(55) 


or  in  integral  form,  assuming 
x  (  82  cm) 


to  be  constant  over  the  short  distance 


Integrating  yields: 


(56) 


In  ^  =  _  3CdPq* 
V0  4Dpo 

where 


=  impact  velocity 


=  measured  velocity 


(57) 


x  =  distance  from  measured  point  to  impact  point. 

As  seen  in  Ref  13,  the  drag  coefficient  fjr  a  sphere  varies  in 
an  almost  linear  fashion  for  Mach  number  (velocity  of  projectile  divided 
by  local  velocity  of  sound)  between  2.  0  and  5.  5  (Ref  13:  16-  1 6) .  This 
approximate  relationship  is 

Cn  =  l-W(M-2.0)  2.<KM<5.5 

D  (58) 

where  M  =  Mach  number.  In  the  same  reference,  the  drag  coefficient 
for  Mach  numbers  greater  than  5.  5  remains  constant  at  0..  92, 

The  values  of  V2  (impact  velocity  corrected  for  drag)  for  shots 
fired  on  the  fragment  launch  range  (Table  II)  were  calculated  using 
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the  method  described  in  this  section.  As  an  example,  for  shot  997  the 
drag  force  caused  a  loss  of  velocity  from  1.  998  km/sec  to  1.  946  km/sec 
or  2.  6%. 

The  Eldorado  Model  1400  counter  timer  used  to  record  the  elapsed 
time  for  velocity  determination  recorded  the  time  to  the  nearest  tenth  of 
a  microsecond.  The  distance  x  was  measured  to  ±  0.  25  cm  and  the 
velocity  was  calculated  to  the  nearest  0.  05  m/sec  with  a  maximum 
error  of  ±  0.  33%.  Thus  the  drag  losses  are  a  factor  of  8  larger  than 
the  experimental  measuring  error.  Consequently,  drag  corrected 
velocities  were  used  in  all  comparisons  in  this  program  for  fragment 
launch  range  data. 

The  light-gas  gun  range  is  evacuated;  thus  the  effect  of  drag 
becomes  negligible  as  verified  by  observing  the  role  of  pg  in  Equation 
52.  The  accuracy  of  the  streak  camera  system  of  velocity  measurement 
used  on  the  light-gas  gun  shots  was  within  ±  0.  25%  (Ref  31 :  15). 
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Appendix  B 


Material  Properties 

The  cratering  theory  developed  requires  a  knowledge  of  certain 
material  properties.  These  are:  for  the  projectile--density  and  yield 
stress;  for  the  target — density,  Young's  modulus,  yield  stress,  and  a 
tangent  modulus,  assumed  to  be  constant  for  linear  strain-hardening 
in  true  stress-true  strain.  Large  strains  and  very  high  strain  rates 
occur  during  the  cratering  process.  The  values  selected  to  be  used 
for  the  material  constants  in  the  cratering  model  should  be  obtained 
under  conditions  which  closely  reproduce  the  strains  and  strain  rates 
of  the  cratering  process. 

A  search  of  the  literature  revealed  a  paper  by  Holt,  Babcock, 
Green,  and  Maiden  titled  "The  Strain-Rate  Dependence  of  the  Flow 
Stress  in  Some  Aluminum  Alloys"  (Ref  14:152-159).  This  paper  con- 

3 

tains  stress -strain  information  at  strain  rates  up  to  10  in/in/sec,  for 
several  aluminum  alloys.  Among  these  alloys  were  1100-T0,  6061-T6, 
and  7075-T6.  The  material  properties  for  these  alloys  presented  in 
Table  I  were  taken  from  this  reference. 

A  further  literature  search  failed  to  reveal  any  stress-strain 
information  at  high  strain  rates  for  the  other  alloys  (6061-H  and  2017-T4) 
used  in  this  study.  To  obtain  the  material  properties  of  the  6061-H  and 
2017-T4  alloys,  a  series  of  tests  were  run  ou  the  Air  Force  Materials 
Laboratory  Split  Hopkinson  Bar  facility..  Figure  31  is  a  photograph  of 
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Table  I 


Material  Properties 


Alloy 

Density 
gm/  cc 

Yield  Stress 
psi 

Young's  Modulus 
(  Compre  s  s  ion) 
psi 

T  angent 
Modulus 
psi 

1100-T0 

2.  71  ❖ 

5,  COO** 

10,  020,  000* 

88, 880** 

2017-T4 

2.  7  ❖ 

53, 000*** 

10,  020,  000* 

6061-H 

2.7  ❖ 

12,  200*** 

10,  020,  000* 

93,  900**: 

6061-T6 

2.  7  * 

42,  000** 

10,  020,  000* 

80, 850** 

7075-T6 

2.8  ❖ 

60,  000** 

10,  020,  000* 

*  Ref  21 
❖*  Ref  14 

❖❖❖Split  Hopkinson  Pressure  Bar  Tests 

the  facility  and  Ref  25  contains  a  complete  description  of  the  facility. 

A  brief  description  of  the  facility  and  its  operation  is  included  here  along 
with  a  short  treatment  of  theoretical  principles  involved. 

Split  Hopkinson  Bar  Procedure 

Figure  31  is  an  overall  view  of  the  Split  Hopkinson  Bar  System. 
The  specimen  is  placed  between  the  incident  and  transmitter  pressure 
bars.  Axial  impact  between  the  striker  bar  and  the  incident  pressure 
bar  produces  the  loading  pulse.  The  striker  bar  is  accelerated  by  a 
"sling- shot"  type  mechanism..  A  torsion  bar  provides  the  driving  force 
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for  this  mechanism.  This  method  of  loading  produces  a  pressure  pulse 
of  constant  amplitude  and  finite  duration.  Since  the  striker  bar  unloads 
the  incident  pressure  bar  after  the  initial  compression  wave  returns  to 
the  impact  point,  the  pressure  pulse  in  the  incident  bar  is  double  the 
length  of  the  striker  bar,  and  has  amplitude  proportional  to  impact 
velocity.  The  impact  x^elocity  is  varied  by  changing  the  release  position 
of  the  "sling- shot"  mechanism. 

When  the  pressure  pulse  reaches  the  specimen,  a  portion  is 
reflected  and  part  is  transmitted  to  the  transmitter  bar.  The  relative 
magnitude  of  these  pulses  will  depend  on  the  properties  of  the  specimen. 
Due  to  the  internal  reflections  in  the  short  specimen  and  the  relatively 
long  duration  of  the  loading  pulse,  the  stress  distribution  in  the  specimen 
quickly  approaches  equilibrium. 

The  continuous  strain-time  histories  of  the  three  pulses,  inci¬ 
dent,  reflected  and  transmitted  are  recorded  by  means  of  resistance 
strain-gages  and  associated  electronic  equipment.  This  information 
enables  a  determination  of  the  force  and  displacement  boundary  condi¬ 
tions  at  both  faces  of  the  specimen  (Ref  25:  3-5).. 

Figure  32  shows  a  typical  specimen  used  in  these  tests,  and 
Fig,  36  shows  the  results  of  one  test. 

The  following  relations  derived  in  Ref  25  are  used  to  obtain  the 
specimen  stresses  and  strains. 
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jr  if.  32  Typical  Split  Hopkinson  Pressure  Bar  Sample 


Where 

=  Specimen  normal  stress 
A  =  Cross  sectional  area  of  pressure  bars 
=  Cross  sectional  area  of  specimen 
E  =  Young's  modulus  for  pressure  bars 

=  Voltage  output  of  the  stress  portion  of  instrumentation 
package 

Cq  =  £32j.tic  rave  velocity  in  pressure  bars 
=  Undeformed  length  of  specimen 


SC  =  Electronic  integrator  time  constant 


_  _3 

Fig-  33  Calibration-Upper- Trace  is  Strain  Rate  Vf  x  10  volts 
division).  Lower  Trace  is  Stress  ( 10  x  10  volts/divisi 


olts/ 
is  ion). 


Fig-  34  Calibration-Vertical  is  Stress  a  I*”'  volts 'division). 
Horizontal  is  Strain  (C4, 4  volts 


division).  Lower  Trace  is  Strain  ( 10  x  10  volts/division). 


Fig.  3(*  fjQb  1-K  Hcsulls-Vcrtical  is  Stress  ^(2  x  10  volts/ 
division).  Horizontal  Strain  is  (0.  5  volts/division). 


72 


Where 

V  =  Impact  velocity  of  striker  bar 

V(  =  Voltage  output  of  the  strain  rate  portion  of  instrumentation 
package. 

V  =  Voltage  output  of  the  stress  portion  of  instrumentation 

package. 

(Ref  25:21-22) 

The  material  properties  for  6061-H  and  2017-T4  aluminum  alloys 
presented  in  Table  I  were  obtained  using  this  system  and  approach. 


Brincll  Hardness  Test 

As  another  check  of  the  target  materia!  properties,  a  standard 
Brincll  hardness  test  was  run  on  a  sample  target.  The  results  of  this 
lest  are  shown  in  Fig.  37.  These  results  ,ndicate  a  Brincll  hardness 
number  of  34.  4  for  the  target  material.  Comparing  this  Brincll  hardness 
number  with  the  ones  for  606!-T0(Bhn  30)  and  606i-T6(Bhn  65)  indicates 
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the  target  material  lies  between  the  two  (Ref  21:  946). 


Effect  of  Manufacture  on  Projectile  Properties 

Three  projectiles  of  each  alloy  were  annealed  and  returned  to  its 
initial  temper  in  accordance  with  the  requirements  listed  in  Ref  21. 
These  annealed  projectiles  were  then  fired  at  targets  of  the  same 
target  material  and  the  resulting  craters  were  compared  with  craters 
produced  by  unannealed  projectiles. 

There  were  six  successful  shots  in  this  series.  Those  shots 

were: 


Shot 

No. 

Alloy 

1077 

1100-T0 

1078 

1100-TO 

1082 

7075-T6 

1083 

2017-T4 

1084 

2017-T4 

1085 

1100-T0 

The  shots  for  the  6061 -T6  alloy  projectile  were  voided  due  to  the 
projectile  striking  the  sabot  plate  in  two  shots  and  debris  material  from 
the  shear  disk  impacting  the  target  in  the  other. 

The  results  of  the  six  successful  shots  were  plotted  as  triangles 
(A)  in  Figures  40,  41,  43,  44,  and  45.  From  these  figures,  it  can  be 
concluded  that  manufacture  did  not  introduce  any  noticeable  change  in 
the  material  properties  of  1100-T0,  2017-T4,  and  7075-T6  projectile. 
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Fig.  37  Brinell  Hardness  Test  Target 


Brinell  Hardness  Test  Results 
10  inm  Diameter  Ball/Standard  Brinell  Test 


Diameter  of 
Impression 

Hardness  Number 
(500  kg  Load) 

1. 

4.2 

34.  4 

2. 

4.  2 

34.  4 

3. 

4.  2 

34.4 

4. 

4.2 

34.  4 

5. 

4.  2 

34.4 

6. 

4.2 

34.  4 

7. 

4.  2 

34.  4 

8. 

4.  2 

34.4 

9. 

4.  2 

34.  4 
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Brinell  Hardness  Test  Results  (continued) 
10  mm  Diameter  Bal^ Standard  Brinell  Test 


Diameter  of 
Impression 

Hardness  Number 
(  500  kg  Load) 

10. 

4.  3 

32.8 

11. 

4.2 

34.4 

12. 

4.2 

34.4 

13. 

4.2 

34.4 

With  the  lack  of  anything  to  indicate  the  contrary,  the  same  result  was 
assumed  for  the  6061-T6  alloy  projectiles. 


Appendix  C 


Shock  Pressure  Calculations 

If  the  Hugoniot  curve  of  a  material  is  known,  the  measurement 
of  one  of  the  following  variables  behind  a  steady  shock  front  allows  cal¬ 
culations  of  all  the  others: 

p  =  the  density  of  shocked  target  material 

U  =  the  material  velocity  at  any  point 

U  =  the  shock  speed  at  any  point 

P  =  the  hydrodynamic  pressure  at  any  point 
(Ref  27:106). 

In  this  experimental  program  the  material  velocity  U  was 
selected  as  the  variable  to  measure  experimentally.  This  measurement 
was  accomplished  using  the  "flyer"  technique  described  in  Section  III. 
This  method  provided  a  position-time  record  of  the  flyer  by  means  of  a 
high-speed  movie  camera. 

The  use  of  three  flyers  on  the  target  and  the  inability  to  precisely 
control  the  projectile  impact  point  necessitated  correcting  the  free  sur¬ 
face  (flyer)  velocity  for  both  shock  incidence  angle  and  distance  from 
impact  point. 

In  Ref  27  a  first  order  adjustment  ignoring  the  effect  of  surface 

waves  and  shear  waves  generated  upon  reflections  is  developed.  This 

relationship  is 

y  _  ^fclWBWd) 

vfs{Bdjvsle4)  -  Cosine  0 
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where  0  is  the  acute  angle  between  the  line  perpendicular  to  the  rear 
surface  through  the  impact  point  and  the  line  joining  the  impact  point 
and  the  center  of  the  specific  flyer  (Ref  27:314-315). 

The  method  of  correcting  for  the  differing  distances  of  flyers 
from  impact  point  was  to  normalize  the  flyer  velocity  to  a  standard 
distance  (target  thickness).  To  accomplish  this,  the  standard  distance 
was  taken  to  be  the  target  thickness  measured  along  the  extended 
projectile  trajectory.  The  normalized  velocity  is  given  by 


\N 


V  =  V 


ml 


(64) 


where  V  is  the  normalized  velocity,  V  is  the  measured  velocity, 


m 


is  the  measured  distance  between  impact  point  and  center  of  flyer, 

Dg  is  the  standard  distance,  and  N  is  an  experimentally  determined 

parameter.  For  this  series  of  experiments, D  was  the  target  thickness 

s 

and  N  was  taken  as  2.  1  (Ref  27: 172). 

The  values  of  VF1,  VF2,  and  VF3  shown  in  Table  III  are  the 
flyer  velocities  corrected  for  angle  and  distance  as  discussed.  The 
values  of  and  0  are  given  in  Table  IV.  Figure  39  shows  a  typical 
output  of  the  computer  program  used  for  reducing  the  flyer  film  data 
and  Fig.  38  shows  typical  results  of  the  photographic  technique  used. 
Using  the  well  known  free  surface  approximation 


V  *  Up 


(65) 


where  V  is  the  free  surface  flyer  velocity  and  U  is  the  material 

IS  p 

velocity  behind  the  shock  front  (Ref  10: 181).  The  shock  pressure  is 
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Fig.  38  Typical  Hipe-Speed  Camera  Result* 
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Fig.  39  Typical  Output  of  Computer  Program  for  Reducing 
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determined  from  the  Hugoniot  equation 


(66) 


where  P  is  shock  pressure,  o  is  the  initial  target  density,  and  Ug  is 
shock  iront  velocity.  For  many  materials,  the  shock  speed  and  particle 
velocity  have  been  found  to  be  adequately  described  by 


ut=c+sup 


(67) 


where  C  is  the  bulk  speed  of  sound  in  the  material,  and  S  is  an  equation 
of  state  constant.  Thus  knowing  the  material  velocity,  C  and  S  enables 
a  calculation  of  the  shock  pressure. 

The  values  of  C  and  S  for  606 1-H  target  material  were  not 
available  in  the  literature,  but  in  Ref  27,  it  is  shown  that  the  aluminum 
alloys  ail  have  essentially  the  same  shock  speed.  Consequently,  the 
following  shock  speed  relationship  for  1100-T0  alio/  was  used  in  lieu 
of  one  being  available  for  6061-H: 


U,=  5.144 +  0.76UP  (68) 

(Ref  22). 

The  values  of  pressure  shown  in  Table  III  were  computed  using 
these  relationships. 
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Cratering  Experimental  Results 
This  appendix  is  divided  into  three  parts  as  listed  below: 


PART  I 

GRAPHS  OF  CRATER  DIAMETER  VS. 
IMPACT  VELOCITY  FOR  THE  PROJECTILE 
MATERIALS  USED  IN  THIS  STUDY 

PART  II 

GRAPHS  OF  CRATER  DEF  TH  VS. 

IMPACT  VELOCITY  FOR  THE  PROJECTILE 
MATERIALS  USED  iN  THIS  STUDY 

PART  III 

TABLE  OF  CRATERING  EXPERIMExNFTAL  RESULTS 


PART  I 

GRAPHS  OF  CRATER  DIAMETER  VS. 
IMPACT  VELOCITY  FOR  THE  PROJECTILE 


MATERIALS  USED  IN  THIS  STUDY 


DIAMETER 


CRATER  OIR.  VS  PROJ.  VELOCITY 
2017-TU  PROJECTILES 
606 1-H  TARGETS 


VELOCITY 


Fig.  41  Graph  of  Crater  Diameter  vs.  Projectile 
Velocity  for  2017-T4  Projectiles 
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CRATER  OIR.  VS  PROJ.  VELOCITT 
6061-T6  PROJECTILES 
6061 -H  TARGETS 


o 

in 


VELOCITY 

Fig.  42  Graph  of  Crater  Diameter  vs.  Projectile 
Velocity  for  6061-T6  Projectiles 
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CRATER  01 A.  VS  PROJ.  VEL8CITT 
707S-T6  PROJECTILES 
6061 -H  TARGETS 


OJ 


PART  II 

GRAPHS  OF  CRATER  DEPTH  VS. 

I  IMPACT  VELOCITY  FOR  THE  PROJECTILE 


MATERIALS  USED  IN  THIS  STUDY 
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CRATER  OEPTM  VS  PROJ.  VELOCJTT 
2017-T4  PROJECTILES 
6061-H  TARGETS 
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rsi 


VELOCITY 

Fig.  45  Graph  of  Crater  Depth  vs.  Projectile 
Velocity  for  2017-T4  Projectiles 
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CRATER  UEPT#  VS  PROJ.  VELOCITT 
60S1-T6  PROJECTILES 
6061 -h  TARGETS 


4 - 1 - 1 - ( - 

1.80  2.60  3. 40  4.20 

(KM/SEC) 
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Fig.  46  Graph  of  Crater  Depth  vs.  Projectile 
Velocity  for  6061-T6  Projectiles 


CRflTER  OEPTH  VS  PROJ.  VELOCITY 
707S-T6  PROJECTILES 
606 1-H  TARGETS 


(KM/SEC) 

VELOCITY 

Fig.  47  Graph  of  Crater  Depth  vs.  Projectile 
Velocity  for  7075-T6  Projectiles 
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PART  III 


TABLE  OF  CRATERING  EXPERIMENTAL  RESULTS 
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•  PROJECTILE  REMAINEO  IN  CRATER 
••  SHOT  FIRED  ON  LIGHT  GAS  GUN 
VI  MEASURED  VELOCITY 
V2  VELOCITY  corrected  for  orag 


Appendix  E 


Shock  Pressure  Data  Summary 
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